Cell encapsulation in hydrogels is widely used in tissue engineering applications, including encapsulation of islets or other insulin-secreting cells in pancreatic substitutes. Use of adhesive, bio-functionalized hydrogels is receiving increasing attention, as cell-matrix interactions in 3-D can be important for various cell processes. With pancreatic substitutes, studies have indicated benefits of 3-D adhesion on the viability and/or function of insulin-secreting cells. As long-term storage of microencapsulated cells is critical for their clinical translation, cryopreservation of cells in hydrogels is actively being investigated. Previous studies have examined the cryopreservation response of cells encapsulated in non-adhesive hydrogels using conventional freezing and/or vitrification (ice-free cryopreservation), however, none have systematically compared the two cryopreservation methods with cells encapsulated within an adhesive 3-D environment. The latter would be significant, as evidence suggests adhesion influences cellular response to cryopreservation. Thus, the objective of this study was to determine the response to conventional freezing and vitrification of insulin-secreting cells encapsulated in an adhesive biomimetic hydrogel. Recombinant insulin-secreting C2C12 myoblasts were encapsulated in oxidized RGDalginate and cultured 1 or 4 days post-encapsulation, cryopreserved, and assessed up to 3 days post-warming for metabolic activity and insulin secretion, and one day post-warming for cell morphology. Besides certain transient differences of the vitrified group relative to the Fresh control, both conventional freezing and vitrification maintained metabolism, secretion and morphology of the recombinant C2C12 cells. Thus, due to a simpler procedure and slightly superior results, conventional freezing is recommended over vitrification for the cryopreservation of C2C12 cells in oxidized RGD-modified alginate.
Introduction
Cell microencapsulation in hydrogels has been widely used for various tissue engineered constructs, with alginate commonly being used as the encapsulation material [1] [2] [3] . To better control cell fate in 3-D, bio-functionalized hydrogels are increasingly being studied, with additions of bioactive motifs to help control cellular processes such as adhesion [4, 5] . Cell-matrix interactions in 3-D have been shown to be important for cell survival, proliferation, and differentiation among other cell processes [6] . Specifically, hydrogels containing the RGD adhesive peptide motif have been used for encapsulation of a variety of cell types, including myoblasts [7, 8] , bone marrow stromal cells [9] , pre-osteoblasts [8] , and human embryonic stem cells [10] .
For long-term storage and clinical translation of microencapsulated cell systems, cryopreservation is critical. The two main methods of cryopreservation are conventional freezing and ice-free cryopreservation, or vitrification. Although extracellular ice formation is generally not detrimental to single cells in suspension, ice formation during freezing may cause significant damage to multicellular systems and tissues [11, 12] . Thus, vitrification has been investigated for preservation of various natural tissues [11, 13, 14] as well as tissue engineered constructs [15] [16] [17] [18] [19] [20] [21] . However, vitrification may potentially lead to excessive cell osmotic excursions as well as cytotoxicity due to the high concentration of cryoprotectants used in the procedure [11, 22] . Therefore, as both methods have their potential drawbacks, it is important to investigate both vitrification and freezing in order to determine the best method of preservation for a given system.
With respect to cryopreservation of encapsulated cells, many studies have examined cellular response in non-adhesive hydrogel systems [18] [19] [20] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, with pancreatic substitutes, cell-matrix interactions in 3-D have been shown to be beneficial for cell viability and/or function of encapsulated β cells or islets [33] [34] [35] and may become critical as anchorage-dependent, non-β cell types are being explored for use in an encapsulated cell therapy for diabetes. Studying the cryopreservation response of cells encapsulated in an adhesive environment is, therefore, necessary, especially as previous studies have indicated that adhesion to a substrate affects cryopreservation in different and reportedly conflicting ways [36] [37] [38] [39] . Some studies have indicated an increased likelihood of cryoinjury due to adhesion [36, 39] , while others have indicated benefits to cryopreservation of attached cells compared to cells cryopreserved in suspension [38] or in non-adhesive matrices [37] . Previous studies with cells encapsulated in adhesive hydrogels derived from natural extracellular matrices showed that freezing leads to changes in cell morphology [40, 41] and decreases in cell viability [40] or function [41] , relative to non-preserved controls. Vitrification of similar constructs, on the other hand, resulted in viability similar to nonpreserved controls [21] . However, no studies have systematically compared freezing and vitrification with cells encapsulated in the same adhesive hydrogel system.
In this work, we studied and compared conventional freezing and vitrification of a model pancreatic substitute consisting of murine C2C12 myoblasts, stably transfected to secrete insulin, encapsulated in partially oxidized, RGD-modified alginate hydrogels. Parental C2C12 cells have been well characterized in RGD-alginate, displaying the ability to survive, proliferate, and differentiate on 2-D [42] as well as in 3-D hydrogel systems [7] . Also, as previous studies have indicated benefits of longer-term culture of encapsulated cells prepreservation [38, 41] , we evaluated the effects of cryopreservation 1 and 4 days postencapsulation. Bead integrity, cell metabolic activity and morphology, and insulin secretion after cryopreservation were quantified and compared to those of Fresh controls. The implications of our findings in identifying appropriate cryopreservation procedures for cells in adhesive 3-D hydrogels are discussed.
Materials and Methods

Alginate Modification
All chemicals were obtained from Sigma (St. Louis, MO), unless otherwise indicated. Alginate was partially oxidized with sodium periodate based on previously published protocols [7, 43, 44] . Briefly, Pronova ultrapure low viscosity high mannuronic acid (LVM) alginate (FMC Biopolymer, Philadelphia, PA) with 43% guluronic acid content and viscosity of 24 mPa•s was dissolved at a concentration of 1% (w/v) in ultrapure water. Subsequently, sodium periodate (Acros Organics, Geel, Belgium) was added to the alginate solution at 21.6 mg/g alginate [7] and stirred in the dark at room temperature for 19 hours. Subsequently, to ensure quenching of the oxidation reaction, a two-fold molar excess, compared to the sodium periodate used, of ethylene glycol was added to the alginate solution and stirred for an additional 2 hours [44] . Alginate was then placed in 2000 MWCO dialysis cassettes (Thermo Fisher Scientific, Waltham, MA) and dialyzed against ultrapure water for 3 days prior to lyophilization.
Partially oxidized alginate was subsequently reconstituted and conjugated with GGGGRGDSP [7] or GGGGRGESP (Biomatik Corporation, Wilmington, DE) at 10mg/g alginate using aqueous carbodiimide chemistry [42, 45] . Briefly, 1% (w/v) partially oxidized alginate was dissolved in 0.1 M MES buffer with 0.3 M NaCl (pH 6.5) for four hours at room temperature. Subsequently, 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) (Thermo Fisher Scientific) and N-hydroxysulfosuccinimide (sulfo-NHS) (Thermo Fisher Scientific) were dissolved in MES buffer immediately prior to the reaction and added to the alginate to obtain a 2:1 sulfo-NHS:alginate molar ratio. The alginate solution was allowed to zreact for 5 minutes prior to addition of peptide [9] . The resulting solution was continuously mixed at room temperature for 20 hours prior to being transferred to 3500 MWCO dialysis cassettes (Thermo Fisher Scientific) for three-day dialysis against ultrapure water prior to lyophilization.
Cell Culture and Encapsulation
Stable C2C12 cells were previously prepared by transfection with a furin-cleavable, B10-modified human insulin gene expressed downstream of a CMV promoter and by selection with puromycin [46] . Stable C2C12 cells were cultured in 25 mM glucose Dulbecco's Modified Eagle's Medium (DMEM, Mediatech, Manassas, VA) supplemented with 10% Fetal Bovine Serum (FBS, Gemini Bioproducts, West Sacramento, CA), 1% penicillin/ streptomycin (P/S, Mediatech) and 1 μg/ml puromycin (Sigma) in order to maintain constant selective pressure on the cells. Cells were cultured under subconfluent conditions in order to prevent cell differentiation [42] in a 37°C humidified incubator with 95% air/5% CO 2 . All salt solutions used for encapsulation/coating were adjusted to 300 mOsm by changing the amount of the major salt component in the solution. For encapsulation, cells were detached from flasks using 0.25% trypsin (Mediatech) and cell number determined using trypan blue dye exclusion. The cell suspension was then centrifuged, and 3.5 % oxidized RGD-modified LVM, reconstituted in 0.85% NaCl (w/v), was added to the cell pellet to obtain an encapsulation density of 3x10 6 cells/ml alginate. This low cell density was used to promote cell-matrix interactions over cell-cell interactions, thus allowing us to study the effect of the former and minimize the effect of the latter on the cryopreservation outcome. Beads of 300-600 μm diameter were formed using an electrostatic bead generator (Nisco Engineering AG, Zurich, Switzerland) and crosslinked in a 1.1% (w/v) CaCl 2 bath. Beads were immediately coated according to the procedure of Sun [47] , with modifications.
Beads were placed in 0.1% (w/v) CHES in 1.1% (w/v) CaCl 2 for 3 minutes, washed with 1.1% (w/v) CaCl 2 , and then incubated in 0.1% poly-L-lysine (PLL) (MW 15,000-30,000, Sigma) in 0.85% (w/v) NaCl, with mixing, for 5 minutes. Beads were then exposed to successive washes in 0.1% (w/v) CHES in 1.1% (w/v) CaCl 2 , 1.1% (w/v) CaCl 2 , and 0.85% (w/v) NaCl (two washes). Beads were then incubated in 0.2% w/v Pronova UP LVM (unmodified) alginate in 0.85% (w/v) NaCl for 4 minutes. After one additional wash in 0.85% (w/v) NaCl, beads were washed with culture medium and placed in T-25 flasks. Beads were not exposed to sodium citrate. Flasks were placed on a platform rocker (Stovall, Greensboro, NC) in an incubator at 37°C. Encapsulated cells were cultured in the same type of medium as monolayers.
Cryopreservation
2.3.1 Vitrification-Vitrification was carried out with the cryoprotectant (CPA) cocktail solution DPS as in [48] . DPS consisted of 3 M dimethylsulfoxide (DMSO), 3 M 1,2 propanediol, and 0.5 M sucrose in a modified version of the EuroCollins carrier solution, the latter consisting of 34.95 g/l glucose, 0.84 g/l NaHCO 3 (Fisher Chemical, Fisher Scientific, Pittsburgh, PA), 1.12 g/l KCl and 1.68 g/l NaCl [48] . For CPA addition, approximately 0.7 ml beads were placed in 40 μm cell strainers (BD Biosciences, Bedford, MA), and sequentially transferred through CPA solutions of increasing concentration at 4°C in a sixwell plate (BD Biosciences) ( Table 1 ). After incubation in the last CPA solution, beads and solution were transferred to pre-siliconized 20 ml borosilicate glass vials (Fisherbrand/ Fisher Scientific) and a layer of isopentane (EMD Chemicals, Gibbstown, NJ) was placed on top of the CPA and beads. Vials were then placed on ice until transferred to a pre-chilled rack. The rack was then placed in an isopentane bath in a −135°C freezer for fast cooling to approximately −100°C (~64°C/min) prior to transfer to a rack in the freezer for slow cooling (~2°C/min) to −130°C. Temperature was tracked during cooling using a thermocouple placed in a sample vial containing only CPA solution and isopentane. Vitrification was verified by visual observation after cooling and immediately prior to warming of vials, and there was no crystallization/devitrification visible upon rewarming [48, 49] . After overnight storage, vials were warmed rapidly in a 30% (v/v) DMSO in water bath at room temperature. Subsequently, vials were placed on ice and beads transferred to cell strainers for subsequent CPA removal in a stepwise fashion of decreasing CPA concentration at room temperature. Beads were then placed in T-12.5 flasks in fully supplemented DMEM at 37°C or used for immediate assay.
Conventional
Freezing-For conventional freezing, 10% DMSO in fully supplemented DMEM at 4°C was added to beads, and beads were incubated for 10 minutes, as in [48] . Beads and solution were subsequently transferred to 2.0 ml cryogenic vials (Corning Inc., Corning, NY) which were placed in a Mr. Frosty isopropyl alcohol bath (Nalgene/Thermo Fisher Scientific, Rochester, NY) in a −80°C freezer (VWR International, Radnor, PA) for 1.5 hours. Subsequently, vials were plunged into liquid nitrogen. After overnight storage, beads were warmed rapidly in a 37°C water bath until no ice was visible. Beads were then placed in fully supplemented DMEM at 37°C for 10 minutes, followed by one wash in fully supplemented DMEM. Beads were subsequently transferred to T-12.5 flasks with fully supplemented DMEM and placed in the incubator at 37°C or used for immediate assay.
Metabolic Activity and Insulin Secretion
Metabolic activity of encapsulated cells was measured using alamarBlue ® (Life Technologies, Carlsbad, CA). For the study comparing metabolic activity for the Fresh RGD/RGE/No peptide alginate encapsulated cells, 0.1 ml beads were added to 1 ml DMEM and 100 μl alamarBlue ® stock solution in a 12-well plate. After incubation for four hours at 37°C, samples of supernatant from each well were placed in a black 96-well plate (Nalgene/ Nunc) and fluorescence was measured using a Synergy H4 Multimode microplate reader (Biotek Instruments, Winooski, VT) using excitation and emission wavelengths of 544 nm and 590 nm, respectively. For cryopreservation studies, a lower volume of 50 μl of beads (to help prevent saturation of the fluorescence signal over the course of the experiment) was placed in 1 ml DMEM and 100 μl alamarBlue ® stock solution and incubated at 37°C for 4 hours. Medium was sampled at the beginning and end of the alamarBlue ® assay period for insulin as well as for measuring fluorescence, as mentioned above. Insulin concentrations in samples were measured using an ultrasensitive human insulin radioimmunoassay kit (Millipore, St. Louis, MO), according to manufacturer's instructions.
LIVE/DEAD ® Staining of Beads and Image Analysis
At one day post-warming, beads were stained with the LIVE/DEAD ® viability kit (Life Technologies). Briefly, beads were washed 3 times in 0 mM glucose, phenol-free DMEM and then incubated in the same type of DMEM for 30 minutes with 2 μM calcein AM and 4 μM ethidium homodimer. Subsequently, beads were imaged using an LSM 510 NLO confocal microscope with the following excitation/emission settings: calcein AM (excitation: 488 nm/emission: 500-530 nm) and ethidium homodimer (excitation: 543 nm/ emission: 560 nm) (Carl Zeiss, Thornwood, NY). A number of 10-20 beads were imaged per group, with Z-stacks taken every 10-20 μm. No movement in beads was detected during the imaging of each bead, and the beads were kept stationary using chamber slides.
For image analysis, Image J (NIH) was used to determine circularity of the cells in the beads, based on a procedure adapted from Yang et al. [50] . Briefly, one Z-stack was taken per bead; for each image in the Z-stack, the green channel was isolated and smoothed, a channel intensity threshold value of 30 was chosen, and particles with a size greater than 30 pixels squared were analyzed. The average circularity from each slice was calculated, and circularity values from all slices within a bead were averaged to obtain the cell circularity per bead.
Bead Integrity Immediately Post-Warming
Immediately post-warming, bead integrity was assessed using phase contrast light microscopy with an Olympus IX71 inverted light microscope (Olympus, Inc., Center Valley, PA). The percentage of broken beads was determined by counting beads in 6 independent fields of view for each group, with an average of 40 ± 3 beads per field of view. Averages were taken from 2-3 independent experiments.
Statistical Analysis
Data are represented as mean ± standard deviation. If necessary, data were normalized using the Box-Cox transformation [51] prior to statistical analysis. Data were analyzed using a two-tailed t-test or one-way ANOVA and Tukey's post-hoc analysis in the General Linear Model in Minitab (Minitab Inc., State College, PA). When comparing cell circularity per bead among different groups, individual beads were nested within encapsulations. Values of p<0.05 were considered statistically significant.
Results
Metabolic Activity of Stable C2C12 Cells in Alginate Hydrogels
To determine the appropriate RGD-alginate matrix to allow for cell spreading in 3-D while maintaining overall bead integrity during culture and post-preservation, various bead preparations were tested (data not shown). Parameters varied included cross-linking ion type and concentration, alginate concentration, and the presence and concentration of poly-l-lysine (PLL) used during coating. Oxidized, RGD-modified LVM at 3.5% concentration, cross-linked with 100 mM CaCl 2 and coated with 0.1% PLL exhibited the required properties; this encapsulation matrix was used in all experiments in this study. Metabolic activity in encapsulated stable C2C12 cells was then evaluated in adhesive (RGD) vs. nonadhesive matrices (RGE/no peptide) over 4 days (Figure 1 ). Metabolic activity was maintained in cells encapsulated in RGD-modified alginate hydrogels from Day 1 to Day 4 (p>0.05). On the other hand, metabolic activity of cells encapsulated in non-adhesive (RGEmodified and no peptide) alginates declined over time, e.g., from Day 1 to Day 4 (p<0.05). Cells in RGD-alginate had a higher metabolic activity compared to cells in non-adhesive alginates from Day 2 onward (p<0.05). However, there was no difference between RGE and no peptide alginate groups at any given time point (p>0.05). Based on these findings, RGEmodified alginate was chosen as the non-adhesive alginate control.
Bead Integrity Post-Preservation
In what follows, cells in RGD-alginate beads cultured for 1 day prior to cryopreservation are referred to as "RGD C1" and those cryopreserved after 4 days in culture are referred to as "RGD C4". Cells in RGE alginate beads were always cultured for 1 day prior to cryopreservation. Bead integrity was observed by phase contrast microscopy. Fewer than 10% of beads in each population were broken for RGD C1, RGD C4, and RGE groups for Fresh and both Cryopreserved treatments immediately post-warming ( Figure 2) . Furthermore, there was also no apparent difference in bead morphology between the cryopreservation groups. No significant debris from broken beads was observed postcryopreservation, and the occasional beads that appeared damaged were broken in half or had visible cracks/tears in them.
Cell Morphology in Fresh and Cryopreserved Beads
Figures 3A, 3B and 3C show representative LIVE/DEAD images from the RGD C1, RGD C4, and RGE groups, respectively, one day post-warming. Qualitative examination of these images indicated that there was no extensive cell death in any of the Cryopreserved groups when compared to their respective Fresh controls. Cell morphology data are shown in Figure  4 . For the Fresh group, cells encapsulated in the non-adhesive matrix, RGE, exhibited a higher cell circularity per bead (more rounded shape) compared to the cells in both RGD C1 and RGD C4 groups (p<0.05, Figure 4A ). In addition, cells in the RGD C4 beads exhibited a lower cell circularity per bead (more elongated shape) compared to both the RGE and the RGD C1 beads. Figures 4B and 4C show that for the RGD C1 and RGD C4 groups, respectively, cryopreservation by either freezing or vitrification did not alter the cell circularity per bead relative to the Fresh controls. In the non-adhesive matrix, RGE, there was no difference between the cell circularity per bead in the Fresh control and either Frozen or Vitrified groups (p>0.05, Figure 4D ). However, the DPS-vitrified group exhibited a higher cell circularity per bead compared to the Frozen group (p<0.05). In addition, when directly comparing cell circularity per bead in the Cryopreserved RGD C1 and RGD C4 groups, cells in the RGD C4 group had a lower circularity per bead (p<0.05) or were more elongated than cells in the RGD C1 group one day post-warming (data not shown).
Metabolic Activity in Fresh and Cryopreserved RGD-Alginate Hydrogels
Studies with stable C2C12 cells encapsulated in RGD and RGE-alginate hydrogels indicated that their metabolic activities normalized to the respective Fresh controls were similar to each other immediately and one day post-warming (results not shown). However, as the function of stable C2C12 cells in RGE-alginate was compromised over time (Figure 1) , longer-term studies were carried out with RGD-alginate only, which is also the relevant and appropriate system for encapsulation of these cells in 3-D. Figure 5 shows the metabolic activity of Fresh and Cryopreserved groups normalized to the respective Fresh t0 groups for RGD C1 ( Figure 5A ) and RGD C4 ( Figure 5B ). For the RGD C1 group there was no difference in metabolic activity between Fresh and Frozen beads at any time point assayed (p>0.05) ( Figure 5A ). However, the DPS-vitrified beads exhibited lower metabolic activity than the Fresh control immediately post-warming (p<0.05) but not at 1 and 3 days post-warming. With respect to RGD C4 (Figure 5B ), the DPS-vitrified group had lower metabolic activity compared to the Fresh and Frozen groups immediately postwarming (p<0.05). There was no difference in metabolic activity between the Frozen and Fresh groups at any time point. All groups exhibited an increase in metabolic activity from 0 to 3 days post-warming (p<0.05). To more directly assess the effect of pre-preservation culture time on cryopreservation response, the same data used in Figure 5 were re-analyzed and plotted in Figure 6 with Cryopreserved groups normalized to the same day Fresh control, and responses from RGD C1 and RGD C4 groups at each time point were directly compared for Vitrified ( Figure 6A ) and Frozen ( Figure 6B) groups. There were no differences in metabolic activity post-preservation between the RGD C1 and RGD C4 groups.
Insulin Secretory Function in Fresh and Cryopreserved RGD-Alginate Hydrogels
As with metabolic activity, insulin secretion normalized to the respective Fresh control was similar for stable C2C12 cells encapsulated in RGD and RGE-alginate hydrogels immediately and one day post-warming. For the reasons explained in the previous section, longer-term studies were carried out with RGD-alginate encapsulated cells only. Figure 7A ). For the RGD C4 group, both Fresh and Cryopreserved beads exhibited an increase in normalized ISR from immediately post-warming to 3 days post-warming and from one day postwarming to 3 days post-warming (p<0.05). The DPS group transiently had higher insulin secretion than the Fresh group immediately post-warming (p<0.05). As with the RGD C1 group, there were no differences in insulin secretion between the Fresh and Frozen groups at any time point analyzed. To more directly assess the effect of pre-preservation culture period on ISR, the data used in Figure 7 were reanalyzed and plotted in Figure 8 to directly compare responses from RGD C1 and RGD C4 groups. There was no difference in normalized ISR post-warming for DPS-vitrified beads between RGD C1 and RGD C4 groups ( Figure 8A ). With Frozen beads at one day post-warming, the RGD C1 group exhibited a higher normalized ISR relative to the RGD C4 group (p<0.05), but there were no differences immediately and 3 days post-warming ( Figure 8B ).
Discussion
Cryopreservation is critical for clinical realization of tissue engineered constructs [11, 52] . Studying cellular responses after exposure to different cryopreservation methods in an adhesive hydrogel environment is particularly important, as adhesion has been shown to affect cellular response to cryopreservation [36] [37] [38] [39] . The added complexity of adhesion in 3-D may affect cellular response, but it has not been extensively investigated in biomimetic hydrogels. In this study, we characterized cellular responses to cryopreservation of insulinsecreting, stable C2C12 myoblasts encapsulated in a 3-D adhesive RGD-alginate system. Overall, metabolic activity, insulin secretory function, and cell morphology were maintained in stable C2C12 cells encapsulated in partially oxidized, RGD-modified alginate hydrogels after conventional freezing. Although DPS-vitrification led to differences in metabolic activity and insulin secretory function immediately post-warming compared to Fresh controls, these differences were transient in nature and were abolished 1 and 3 days postwarming.
Cell-matrix interactions were important for cell survival in our system, as indicated by measurements of metabolic activity over time. Specifically, the decline in metabolic activity for stable C2C12 cells encapsulated in non-adhesive (RGE-modified and no peptide) alginate from Day 1 to Day 4, the higher metabolic activity in the RGD vs. non-adhesive hydrogels from Day 2 onward, and the maintenance of metabolic activity in the RGDalginate beads from Day 1 to Day 4, all indicate that the encapsulated stable C2C12 cells performed better in the adhesive environment at the cell density used. Additionally, as there was no difference in metabolic activity between stable C2C12 cells encapsulated in RGE and no peptide alginate hydrogels at any time point assayed, there was likely no negative effect of incorporation of RGE into the alginate matrix.
Developing a hydrogel system that allowed for cell spreading in 3-D, while maintaining bead integrity in culture and after cryopreservation, was challenging. To achieve cell spreading, lower hydrogel stiffness appeared necessary, whereas beads still had to be robust enough to survive both methods of cryopreservation. Bead breakage immediately postwarming was indeed low in the current experiments (less than 10%). The cause of this breakage is unclear; however, one possibility is that it was due, at least in part, to the agitation of the beads in the cell strainer during the CPA addition and removal procedures.
Cell morphology was quantitatively assessed, via circularity measurements, after cryopreservation, as cell spreading of myoblasts encapsulated in partially oxidized, RGDmodified hydrogels has been associated with differentiation and fusion of myoblasts into multinucleated myotubes [7] . For a model pancreatic substitute containing recombinant myoblasts, terminal differentiation of myoblasts and fusion into myotubes could be beneficial prior to use in vivo, as this would prevent excessive cell growth after implantation. As expected, the circularity per bead for the Fresh RGE group was higher than that for both the Fresh RGD C1 and RGD C4 groups. This is likely due to the inability of the cells to attach and subsequently spread in the RGE-functionalized matrix, as opposed to their ability to bind to the RGD-alginate. Soluble RGD peptide competition studies have indicated that C2C12 cells can bind in an RGD-specific manner to RGD-conjugated alginate [42, 45] .
Additionally, the cell circularity per bead was similar between the Cryopreserved groups and the Fresh control for the RGD and the RGE groups one day post-warming. Although a quantitative measure of cell shape after cryopreservation in 3-D hydrogels is lacking in the literature, some studies have qualitatively assessed cell morphology after freezing and warming in collagen gels [40, 41] . Koebe et al. [41] reported that only approximately 30% of hepatocytes cultured in a collagen sandwich configuration and conventionally frozen had a morphology similar to CPA-treated, non-frozen controls 2 and 11 days post-warming. Teo et al. [40] , showed that immediately after freezing-thawing, fibroblasts encapsulated in collagen matrices experienced damage to cellular extensions as well as cell detachment, indicating damage to cell-matrix adhesions in addition to changes in the microstructure of the matrix. In our system, it is possible that changes in cell morphology present immediately post-warming were corrected, hence not detected, by day one when cell morphology was measured. However, it is also possible that cell morphology was better maintained in the RGD-alginate relative to cells encapsulated and cryopreserved in collagen gels, as stresses during freezing may have affected the collagen fibrils more than the RGD peptides in the flexible alginate hydrogel. Freezing has been shown to affect the matrix structure of collagen gels, specifically by increasing the mean void area, or porosity, of the matrix [40] . Similarly, the structure of collagen fibers from heart valve tissue has been shown to be damaged by freezing and to a smaller extent by vitrification [53, 54] . Since we did not use a gel consisting of a structural protein, but rather a polysaccharide conjugated with a small peptide, the damage to the peptide itself after freezing or vitrification may have been less than that to a gel containing a dense extracellular matrix protein structure. Another plausible reason for the maintenance of cell morphology in the current study, especially after freezing, is the possible low level of ice formation. Indeed, polysaccharide gels such as dextran [55] and alginate [56] have been shown to reduce ice crystal formation during cryopreservation. As such, encapsulation in alginate better maintained morphology of cell clusters including islets [23] and neurospheres [28] after conventional freezing compared to non-encapsulated controls.
Importantly, we examined cryopreservation response in RGD-alginate hydrogels up to 3 days post-warming, to account for recovery over time and because results immediately postwarming may give overestimates of cell viability due to delayed-onset cell death after cryopreservation [57] . As the metabolic activity for the DPS-vitrified group was lower than Fresh immediately post-warming (p<0.05), and there were no differences in metabolic activity between Fresh and Frozen constructs, freezing was generally better than vitrification at maintaining metabolic activity. Overall, insulin secretion rate was also maintained in Frozen constructs. This is in contrast to Murua et al. [30] , who saw a 42% decrease in erythropoietin secretion, compared to the Fresh control, after freezing stably transfected C2C12 cells encapsulated in alginate-poly-L-lysine-alginate beads. Although one difference between their study and the current study is the presence of adhesive ligands in the alginate, we observed no differences in ISR for Cryopreserved RGE-alginate encapsulated cells relative to Fresh controls (data not shown). However, the alginate type and freezing protocol used by Murua et al. [30] were different than those used in the current study, and this may have contributed to the reduced secretion.
Interestingly, when directly comparing cryopreservation response for RGD-modified beads cultured one day (RGD C1) vs. four days (RGD C4) prior to cryopreservation (Figures 6 and  8 ), no differences in metabolic activity or insulin secretion were detected, except for a small difference in insulin secretion between RGD C1 and RGD C4 groups for the Frozen beads one day post-warming. In contrast, Koebe et al. [41] found overall more prolonged albumin secretion post-warming for encapsulated rat hepatocytes cultured 7 or 11 days prior to freezing compared to constructs cultured only 3 days prior to cryopreservation. Additionally, Ji et al. [38] found that cryopreserving adherent human embryonic stem cell colonies 24 hours after placement of a top matrigel layer led to a higher viability compared to colonies that were cryopreserved only one hour after placement of the matrigel layer. However, there were no differences in viability between groups cryopreserved 24 and 48 hours after matrigel layer placement on top of cells [38] . In the current study, it is possible that differences may have been detected with beads cryopreserved earlier than 1 day postencapsulation; however, cryopreserving cells shortly after encapsulation would likely place them under undue stress from the combined encapsulation and cryopreservation processes. Additionally, differences in cryopreservation response may have occurred if RGD alginate beads had been cultured longer than 4 days before preservation. Longer culture periods were not investigated, however, due to the development of large cell clusters at later time points (data not shown); these would have led to increased cell-cell interactions, which were undesirable, as the focus of the present study was on the effect of cell-matrix interactions rather than cell-cell interactions on cryopreservation response.
Conclusions
In summary, partially oxidized RGD-modified alginate hydrogels better maintained metabolic activity for encapsulated stable C2C12 myoblasts compared to non-adhesive matrices. Except for small transient differences in metabolic activity and insulin secretion rate of the DPS-vitrified group immediately post-warming relative to Fresh controls, overall, conventional freezing and DPS-vitrification maintained metabolic activity, insulin secretion rate, and cell morphology for stable C2C12 cells encapsulated in RGD-alginate hydrogels. In addition, when directly comparing the effect of pre-preservation culture period on RGDalginate-encapsulated cell response post-warming, metabolic activity and insulin secretory response were similar irrespective of whether the pre-preservation culture period was 1 or 4 days long. Due to simplicity of procedure and slightly superior results relative to Fresh controls, freezing appears appropriate for cryopreservation of stable C2C12 cells encapsulated in a partially oxidized, RGD-alginate matrix. Metabolic activity over time for cells encapsulated in 3.5% RGD (white bars), RGE (light gray bars), and no peptide (dark gray bars) LVM alginate, and normalized to respective groups on Day 1. #p<0.05 compared to RGD group at same time point, *p<0.05 compared to Day 1 within same group, ^p<0.05 compared to same group on Day 2. n=3-4. Representative LIVE/DEAD® images (10x) from 3-D projections of beads one day postwarming for Cryopreserved groups and respective Fresh controls for A) RGD C1, B) RGD C4, and C) RGE groups. Scale bar represents 100 μm. Beads from RGD C1 and C4 groups were cryopreserved one and four days post-encapsulation, respectively. Box plots displaying circularity per bead for A) Fresh RGE, RGD C1 and RGD C4, B) RGD C1 Fresh and Cryopreserved, C) RGD C4 Fresh and Cryopreserved, and D) RGE Fresh and Cryopreserved groups.
• average bead circularity for each group, and whiskers on each plot extend from minimum to maximum values of bead circularity within a given group. The middle line in each box represents the median and the bottom and top of each box represent the 25th and 75th percentile, respectively. n=3 for 3 independent encapsulations/ cryopreservations. Ten to twenty beads per treatment were analyzed. Beads from RGD C1 and C4 groups were cryopreserved one and four days post-encapsulation, respectively. Metabolic activity over time in Fresh and Cryopreserved stable C2C12 cells encapsulated in hydrogels and cultured A) 1 (RGD C1) or B) 4 (RGD C4) days post-encapsulation. Cryopreserved groups and Fresh controls were assessed up to 3 days post-warming. All groups were normalized to the Fresh group at t0. The Fresh group is represented by the white bars, the Frozen group by the dark gray bars, and the DPS-vitrified group by the light gray bars. *p<0.05 compared to same group at t0, ^p<0.05 compared to same group at one day post-warming, #p<0.05 compared to Fresh group at same time point, @p<0.05 compared to Frozen group at same time point. n=3. Effect of culture time prior to cryopreservation on metabolic activity of A). Vitrified or B). Frozen RGD-alginate encapsulated stable C2C12 cells. *p<0.05 compared to the other group at same time point. n=3. Effect of culture time prior to cryopreservation on insulin secretory function of A). Vitrified or B). Frozen RGD-alginate encapsulated stable C2C12 cells. *p<0.05 compared to the other group at same time point. n=3. Table 1 Cryoprotectant addition/removal protocol for DPS vitrification.
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